The design and synthesis of SpmTrien (1,12-diamino-3,6,9-triazadodecane), an isosteric and charge-deficient analogue of spermine with excellent chelating properties towards Cu 2+ ions, as well as novel N 1 -and N 12 -AcSpmTriens and bis-Et-SpmTrien (N 1 ,N 12 -diethyl-1,12-diamino-3,6,9-triazadodecane) are described. Possible applications of SpmTrien and its derivatives to the investigation of the enzymes of polyamine metabolism and spermine cellular functions, including interaction with DNA, are discussed.
Introduction
Biological effects of Spm (spermine), Spd (spermidine) and their analogues are determined by the geometry of the molecule providing proper spatial localization of amino groups. The degree of protonation of amino groups is also of importance. The majority of efforts to correlate biological effect of polyamine analogues with their structure were focused on the investigation of the contribution of molecular geometry to biological effects. Thus numerous bis-N-alkylated derivatives of Spm and Spd with various substituents at the terminal nitrogens and analogues with conformationally restricted fragments inside the polyamine backbone were synthesized and studied (for reviews, see [1, 2] ).
Investigation of the impact of the protonation of amino group(s) on the biological effect of polyamines, and their analogues are rather few. In order to decrease the pK of amino group(s), either analogues with the pyridinium group being inserted into the polyamine backbone [3] or 2,2-, 6,6-and 7,7-difluorospermidines were obtained [4] . Replacement of the terminal H 2 NCH 2 -group of Spd or Spm by an aminooxy (H 2 NO-) group, having a pK of ∼5, resulted in isosteric charge-deficient analogues of Spd and Spm [5] . These analogues turned out to be effectors of the enzymes of polyamine metabolism, were capable of penetrating into different cell types, possessed low cytotoxicity and regulated catabolic stability [6, 7] . Oxa-analogues of polyamines containing an -NH-O-group instead of the central -NH-CH 2 -group were also synthesized [8, 9] , but their biochemistry was not studied.
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a charge-deficient central fragment. SpmTrien, unlike Spm, is an excellent chelator of Cu 2+ ions. Here, we also present the synthesis of two previously unknown mono-acetyl derivatives of SpmTrien and bis-Et-SpmTrien (N 1 ,N 12 -diethyl-1,12-diamino-3,6,9-triazadodecane) and describe the effects of SpmTrien on the DNA aggregate state, which, in this particular case, turned out to be pH-dependent and was completely reversed upon addition of Cu 2+ ions.
Design of novel spermine analogues
Trien (triethylenetetramine) may be considered to be an isosteric analogue of Spd:
The gaps between the amino groups in Spd are large enough so that all three nitrogen atoms are protonated at neutral pH. In Trien, however, after two protons are added, a third needs to be so close to one of the existing positive charges that the pK is diminished to 6.7, and when a fourth is added, it is so near to two positive charges that the pK is diminished to 3.3. So, shortening of the distance between secondary amino groups to two methylene units leads to a dramatic decrease in the pK value of any secondary amino group of Trien, while protonation of terminal amino groups remains about the same as in parent Spd [10] . In contrast with Spd, Trien forms a very stable complex with Cu 2+ (pK uns of 20.4 at pH 14 and pK uns of 14.2 at pH 7 [11]) and is used to treat Wilson's disease in doses up to 1.2-1.6 g/day [12] , which is evidence of its low toxicity. Recently, Trien was used successfully to regenerate the heart in diabetes by selective copper chelation [13] .
Replacement of the Spd fragment of Spm with a Trien residue gives rise to SpmTrien [14] (Figure 1 ). This compound can be considered as an isoester of Spm, but, in contrast with the latter, it has a non-symmetrical structure. At physiological pH, SpmTrien possesses only three positive charges [pK (N 3 ,N 6 )<7]. Therefore it may be considered to be an Spm analogue with a charge-deficient central fragment. The presence of the Trien fragment provides SpmTrien with good chelating properties towards Cu 2+ ions, while none of the Spm analogues hitherto designed and investigated possess such a combination of properties.
The ability or inability of SpmTrien to support cell growth with a depleted polyamine pool can be considered to be a criterion of biochemical similarity or distinction of SpmTrien and Spm. SpmTrien may also be considered to be a novel chemical regulator of the enzymes of polyamine catabolism. SpmTrien is probably a substrate of spermine/spermidine N 1 -acetyltransferase, but the exact site of acetylation (N 1 or N 12 ) is not obvious, and this is why previously unknown N 1 -and N 12 -Ac-SpmTriens (N 1 -and N 12 -acetyl-1,12-diamino-3,6,9-triazadodecane) were prepared (Figures 1A and 1B). SpmTrien itself and its terminally mono-acetylated derivatives are effectors of spermine oxidase and polyamine oxidase, but none of these compounds are capable of producing Spd as a result of their oxidation. Novel bisEt-SpmTrien ( Figure 1C ) is probably the first example of a bis-alkylated Spm analogue with a charge-deficient central fragment. Investigation of the interaction of SpmTrien with DNA is of special interest, because the unusual properties of the analogue will, at least, give rise to pH-and Cu 2+ -dependent effects.
Synthesis of SpmTrien and its derivatives
A rational strategy of SpmTrien synthesis consists in elongation of the polyamine analogue backbone by alkylation of the corresponding amines with methanesulfonyl (Ms) esters of alcohols. Such an approach was used to prepare different polyamine analogues [5, [15] [16] [17] , including, recently, α-methylated derivatives of Spm and Spd [18] .
A first approach to preparing SpmTrien consisted in building up the analogue's backbone starting from the aminopropyl terminus group of the molecule ( Figure 1A ). The target SpmTrien was obtained with an overall yield of 19%, as calculated for N-Cbz (benzyloxycarbonyl)-3-aminopropanol.
A second approach to the preparation of SpmTrien (Figure 1B) consisted in elongation of the analogue's backbone, starting from the aminoethyl end of the molecule. This allowed us to eliminate the step of ambiguous alkylation of the primary amino group in the presence of the unprotected secondary amino group, which was the key step of the syntheses depicted in Figure 1(A) . This pathway also included seven steps, but isolation and purification procedures were much less laborious, and target SpmTrien was prepared with an overall yield of 20%, as calculated for N-(2-aminoethyl)-aminoethanol.
Both mono-acetylated derivatives of SpmTrien were prepared starting from the intermediates of SpmTrien synthesis. Thus N 1 -Ac-SpmTrien was obtained ( Figure 1A ) from trisCbz-protected SpmTrien (I). To discriminate between primary and secondary amino groups of compound (I), the salicylic aldehyde was used following the method described in [19] . Target N 1 -Ac-SpmTrien was obtained with a yield of 51%, as calculated for compound (I). To prepare N 12 -Ac-SpmTrien ( Figure 1B ), an excess of N-Ac-1,3-diaminopropane was alkylated with the mesylate of trisCbz-protected amino alcohol (II), and, after deprotection, the required N 12 -Ac-SpmTrien was obtained with the yield 58%, as calculated for the alcohol (II).
2-Ethylaminoethanol was the starting compound to prepare bis-Et-SpmTrien as depicted in Figure 1(C) . To purify the intermediate tris-Cbz-derivative of pentamine (III) from the traces of the product of the alkylation of the secondary amino group, the crude (III) was treated with ∼20 mol% of salicylic aldehyde to simplify flash-column chromatography purification. Finally, N-Cbz groups were removed to give target bis-Et-SpmTrien, with an overall yield of 8%, as calculated for the starting compound 2-ethylaminoethanol.
Interaction of SpmTrien with DNA
Polyamine-induced condensation of DNA is one of the simplest models to evaluate the effectiveness of the interaction of Spm and Spd with nucleic acids, and the ability of polyamine to condense DNA decreases in the order: penta-amine > tetra-amine > triamine [20] . The condensation of DNA is accompanied by the appearance in the DNA absorption spectrum of an apparent absorbance at λ > 320 nm. In this region neither DNA nor polyamines absorb.
SpmTrien at physiological pH has insufficiently protonated central fragments as compared with that of Spm. However, the extent of SpmTrien protonation under slightly acidic conditions resembles that of Spm at pH 7.3. This was the reason to compare the DNA-condensation ability of Spd, Spm and SpmTrien at neutral and slightly acidic pH values (Figure 2 ). The concentrations of Spm and SpmTrien corresponding to the beginning of DNA condensation at pH 6.8 were 28 and 68 µM respectively. The effective concentration of Spd, which, like SpmTrien, exists in tricationic form at pH 6.8, was only 620 µM (Figure 2) . However, at pH 5.5, the effective concentrations of Spm and SpmTrien were very close (19 and 21 µM respectively), while, in the case of Spd, the decrease in pH from 6.8 to 5.5 resulted in a decrease in the effective concentration to only 300 µM (Figure 2) . Hence, at pH 5.5, the protonation of the fourth amino group of SpmTrien becomes noticeable and it is integrated in the process of DNA condensation.
DNA being condensed in the presence of Spm may be converted into an isotropic state upon the addition of heparin, a polyanion capable of extracting Spm from the DNA-polyamine complex. The absorbtion spectra of starting DNA solution and the DNA-Spm complex after heparin treatment are identical (results not shown).
Since SpmTrien is an excellent chelator of Cu 2+ ions, one may expect that the introduction of Cu 2+ ions will cause heparin-like effects due to the formation of the tight Cu 2+ -SpmTrien complex. Comparison of the absorption of the starting DNA solution and the DNA being condensed with 1.94 × 10 −5 M SpmTrien at pH 5.2 ( Figure 3A , curves 1 and 7 respectively) with the absorption of the condensed form of DNA after the addition of 1.95 × 10 −5 CuCl 2 (molar ratio of SpmTrien/Cu 2+ 1:1) clearly demonstrates that, in the presence of Cu 2+ ions, the solubilization of the compact form of DNA occurs ( Figure 3B , curves 2-6), while, in the case of Spm, the Cu 2+ ions are not effective (results not shown). Unlike heparin-induced DNA decondensation, in the case of CuCl 2 treatment, the A 260 value decreased only slightly, which was due to the noticeable absorbance of the Cu 2+ -SpmTrien complex at 260 nm ( Figure 3B, curve 7) . At the same time, the addition of CuCl 2 at concentrations up to 2 × 10 −5 M does not induce any changes in the UV spectra of DNA (results not shown).
Hence, the use of SpmTrien, possessing a charge-deficient central fragment and expressing chelating properties towards Cu 2+ ions, makes it possible to regulate the degree of compactness of DNA molecules, not only by changing the pH of the reaction mixture, but also by the administration of Cu 2+ ions to the system, whereas none of the Spm analogues hitherto designed and investigated possess such a combination of properties.
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